In this paper, we demonstrate a frequency shifter at 780 nm based on an X-cut Z-propagating lithium niobate waveguide platform with an isotropic orientation. The electro-optic effect modulates the signal with traveling-wave configuration. The frequencyshifting device emulates a rotating half-wave plate when it converts left circular polarized input light to right circular polarized output light and changes the original optical frequency by its modulation frequency. We characterize the device by conducting the polarization conversion experiment and achieve the frequency shift at up to 2 GHz and more than 20 dB extinction ratio. The device needs 30 dBm RF power to perform a frequency shift with high extinction ratio. With the same device, we also demonstrate optical isolation with 18.5 dB extinction ratio.
Introduction
Optical frequency shifters have a wide variety of applications, including heterodyne sensors, atomic interrogation, light detection and ranging (LIDAR), and coherent optical communications [1] - [7] . For most applications, it is necessary that the single-sideband optical frequency shifters achieve near complete carrier suppression and high conversion efficiency.
Previous work has demonstrated that an endlessly rotating half-wave plate shifts the original frequency of an input circularly polarized light to another circularly polarized light orthogonal to the input by twice the angular frequency of its rotation [8] - [12] , but mechanically rotating halfwave plate cannot attain high-speed frequency shift. Other published works employed electro-optic modulation to emulate the rotating half-wave plate but at a higher speed [13] - [15] . In particular, Noe et al. [14] showed frequency shift in LiNbO 3 with an isotropic crystal orientation with the side-band suppression of >25 dB, the conversion efficiency of 95%, at an operating frequency of 2 MHz and working at 1.52 μm optical wavelength. The frequency shifter in this work employs the same isotropic orientation in LiNbO 3 , which has a tolerance of wavelength and temperature. The working frequency is 2 GHz at 780 nm wavelength.
Optical isolation is important in optical communications and atomic physics for maintaining highquality optical oscillations in lasers. Most common optical isolators employ non-reciprocity of the magneto-optical effect. In many applications including cold-atom systems, such magnetic components can disturb the purity of the measurement system. In this paper, we report an optical frequency shifter that also provides optical isolation based on the electro-optic effect in LiNbO 3 , taking advantage of the polarization conversion while the optical light is frequency shifted. Fig. 1 illustrates a circularly polarized light wave incident on a rotating half-wave plate. We use a Jones matrix method [16] to show the optical frequency shifting of the incident circularly polarized light. A wave plate is represented by a 2 × 2 Jones matrix as
Theory of the Frequency Shifter
where ψ is the angle between the slow axis of the wave plate and the y-axis (horizontal axis) of the polarization plane of the light which is orthogonal to the propagation direction, and is the phase retardation of the wave plate
where L is the thickness of the wave plate, λ is the wavelength, and n s and n f are the refractive indices of slow and fast axes, respectively. The phase retardation, , is equal to for a half-wave plate. The angle ψ is equal to ω r t for a wave plate rotating counter clockwise with a frequency of ω r viewing from the light source and t is the time. Then, we can express the Jones matrix for a rotating half-wave plate (RHWP) as in
sin(2ω r t) − cos(2ω r t) .
Left hand circularly polarized waves (LCP) and the right hand circularly polarized waves (RCP) with an optical frequency of by 1 × 2 Jones as given in
If we assume that a LCP wave is incident on a RHWP rotating in the clockwise direction and calculate the output as shown in
sin(2ω r t) − cos(2ω r t)
In this case, the direction of the rotation of the RHWP is in the opposite sense with respect to the polarization of incident circularly polarized wave, so the frequency of the output wave is increased by twice the rotation frequency of the half-wave plate and the output polarization becomes RCP.
When the direction of the rotation of the half-wave plate is in the same sense with the polarization of the incident circularly polarized wave, the frequency of the output wave is decreased by twice the rotation frequency of the half-wave plate.
Electro-Optical Rotating Half-Wave Plate in LiNbO 3
It is possible to emulate a rotating half-wave plate by optical index modulation using Pockels effect in some electro-optical materials. In [14] , a Ti-diffused waveguide in an X-cut Z-propagating LiNbO 3 device was used to realize an electro-optical rotating half-wave plate. In quadrature electric fields in x and y directions were applied to the waveguide using three electrodes. In this section, we investigate the index changes for the device in [14] under in quadrature electric fields.
The electro-optic tensor of LiNbO 3 is represented by the 6 × 3 matrix in 
where the coefficient r is called Pockels coefficient. The refractive index is modified linearly with the applied electric field in x, y, and z-directions represented by the subscripts 1, 2, and 3 due to Pockels effect according to eq. (8) . The subscripts 4, 5, and 6 represent off diagonal elements in the yz, zx, and xy-directions.
Then, using (7) and (8) 
If the electric fields in [14] are applied in only the x and y-directions, we can further reduce the index ellipsoid equation by assigning the electric field in the z-direction to 0, propagation in the z-direction, and considering the equation only in the xy-plane.
The cross term in eq. (10) indicates there is a rotation of principle axes of the system around the z-axis. As a coordinate transformation, we can assume that the axes are rotated clockwise by an angle θ around the z-axis and define new principle axes, x', y', and z' as given in
Using (10)- (12), we can write the index ellipsoid in the x, y, and z coordinates as given in
We can make the coefficient of the cross term in (13) equal to 0 when θ value satisfies (14) , shown below. Then we can form the relation given in (14) between the rotation of the principle axes and the applied electric fields.
Since the electric fields are applied in quadrature, we can express the electric fields in x and y directions as in
where ω d is the frequency of the applied sine wave. Using (14)- (16), we find that the rotation angle of the slow and fast axes of the wave plate can be expressed as a function of time as shown in
We can also find the refractive index changes in slow and fast axes of the wave plate using (13) .
We find that the index difference, n, between the slow and fast axes of the wave plate is independent of time as given in
The fast and slow axes of the wave plate are rotating with a frequency of ω d t/2 and by choosing the length of the device as λ/(2n 3 o r 22 E o ), a rotating half-wave plate was formed in LiNbO 3 electrooptically. Since the rotation frequency of the wave plate is half of the frequency of the driving electric fields, the magnitude of frequency shift is expected to be ω d .
Electro-Optical Wave Plates in LiNbO 3
It is useful to analyze the individual effects of electric fields applied from x and y-directions in LiNbO 3 . We can write the index ellipsoid of an X-cut Z-propagating LiNbO 3 device as in (21), shown below, when the electric field is applied in the y-direction.
From (22) and (23), shown below, we find the refractive indices of the slow and fast axes of the wave plate as
The slow and fast axes are on x and y-axes of the system; thus, it suggests that applying an electric field in the y-direction forms a wave plate with slow axis at an angle of 0
• to the x-axis. Using (22) and (23), we find the index difference between fast and slow axes as in
When the electric field is applied in the x-direction, we can write the index ellipsoid as in
The cross term, xy, in (25) suggests that we can rotate the principal axes counter-clockwise by 45
• with the coordinate transformation given in
Then, we rewrite the index ellipsoid equation in the new coordinates as in
From (28), we find the refractive indices of slow and fast axes of the wave plate as in The slow and fast axes are on x and y-axes of the system, which have a 45
• angle with respect to the xy-plane of the system. Thus applying an electric field in the x-direction forms a wave plate with slow axis at a 45
• angle to the x-axis. Using (29) and (30), we find the index difference between the slow and fast axes as in
Thus, forming wave plates with 45
• and 0
• angle to the x-axis and modulating refractive indices of the slow and fast axes of those wave plates by in quadrature electric fields forms a rotating half-wave plate in LiNbO 3 . The same principle can also be applied to a semiconductor material platform with 43 m crystal symmetry if wave plates with 45
• and 0 • angle can be formed using Pockels effect and modulated in the same way as in the LiNbO 3 case. Fig. 2 shows the result of the simulation of the spectrum of the input and output light wave for the LiNbO 3 rotating half-wave plate frequency shifter device. f 0 is the carrier frequency. The single tone input light propagates through the rotating half waveplate and the output light frequency is shifted by the modulation frequency f d of the applied electric fields. The result shows that the frequency of the output wave is upshifted by f d compared to the input wave and there are no side-bands. The signal power is 0 dBm and white Gaussian noise at the noise level of −80 dBm is added onto the signal.
We theoretically derived that a LiNbO 3 waveguide driven by in-phase and quadrature sinusoidal signals can completely emulate a rotating half-wave plate which can convert the input circularly polarized light to an orthogonal circularly polarized light while shifting the optical frequency by the modulation frequency. Table 1 summarizes the two factors that determine the direction of the frequency conversion. The first factor is the input polarization: LCP or RCP waves. The second is the sense of rotation of the emulated half-wave-plate (HWP): clockwise (CW) or counter-clockwise (CCW) seen from the output side.
The voltages we apply to the two outer traces can be divided to the common voltage and differential voltage, and they generate electrical fields in different axes and therefore change refractive indices differently. If we apply differential voltage on the two outer electrodes, the electrical field would be in the horizontal y-axis, and the refractive indices in the slow and fast axes are shown in (22) and (23), where the slow and fast axes are x-and y-axes.
On the other hand, the common voltage establishes a vertical x-axis electrical field to interact with the optical field. The refractive indices in the slow and fast axes are shown in (29) and (30), In the scenario where we apply DC voltages to the device, we apply a common voltage to the two outer traces and the fast and slow axes of the wave plate are 45
• from the principal axes x and y. The input TE polarized light will be converted to TM polarized light at the output if we apply an appropriate voltage such that the device becomes a half wave plate.
In the scenario where we apply RF signals, the amplitude of the vertical field equals the horizontal field. However, the amplitude ratio of the applied voltage would not remain one due to the difference in electrode distance, the interaction with the optical field, etc. We could adjust the amplitude ratio of the electrical field simply by tuning the phase delay between the signals applied to the left and right electrodes.
Assume that the voltage on the left and right electrode is V l and V r
where V c sin(ω d t) is the common voltage that creates the vertical field E x in (29) and (30), and V d cos(ω d t) is the differential voltage that builds up the horizontal field E y in (22) and (23). We can combine the two terms into one sinusoidal wave with a phase term φ
where
The phase delay between the two signals is 2φ, and the two signals have equal amplitude. We only need to adjust the phase delay of the two signals to change the ratio of the vertical and horizontal fields and maintain their same amplitude.
LiNbO 3 Device Design
The LiNbO 3 device orientation is X-cut Z-propagation waveguide, where the z-axis is the optical axis and the plane perpendicular to the z-axis is isotropic. The birefringence between vertical and horizontal polarized light can be minimized in this way. The insertion loss of the device is about 4 dB. The facet edge of the device is not perpendicular (8.7 • ) to the other edges to reduce the reflection. Fig. 3 shows the device structure. The waveguide region is diffused with zinc oxide (ZnO-diffused LiNbO 3 ) to change the refractive index and confine the light [17] . There are three electrical traces (A, B and C). The trace B is right on top of the channel waveguide with a 3-cm long active region, and trace C and A are to the left and right of the waveguide respectively. By applying common voltage trace A and C and making B the ground, we will generate a vertical field in the waveguide region; similarly, using a differential field on A and C will provide a horizontal field. Given that the device is X-cut Z-propagate, the voltage configuration determines what electro-optic coefficients will be used.
Results of Frequency Shifting and Polarization Conversion
To characterize the electro-optic effect of the device, we conduct the polarization conversion experiment in the first place. Fig. 4(a) shows the experiment setup where we send the light from a 780 nm external cavity laser (ECL) to the device, and there is a polarization controller (PC) to adjust the input to TE polarized light. A polarization beam splitter (PBS) splits the two different polarizations to be detected by two power meters. We apply the same voltage on trace A and C and make trace B the ground. In this case, the fast and slow axes will be 45
• from the x-and y-axes. We measure the voltage needed to imitate a half wave plate in the when only DC voltages are applied. Fig. 4(b) shows that the voltage needed for to emulate a half wave plate is 18 V. The DC signal will see an open circuit. However, the RF signal coming in from the input side will be terminated by the AC-coupled termination at 50 on the output side.
The experimental setup utilizes heterodyne detection to reveal the DC, the up-conversion, and the down-conversion frequency tones simultaneously. An acoustic optical modulator on the reference arm shifts the DC tone to 200 MHz in Fig. 5(a) , and on the signal arm, the light co-propagate with the electrical field in the device and therefore is modulated to a new frequency at the output. The RF synthesizer output is power-split to feed the two RF amplifiers that amplify the RF power to 30 dBm to drive the optical frequency shifter. A phase shifter adjusts the phase delay between the two electrical signals. The phase delay is critical because it corresponds to the amplitude of the electrical field in the vertical and horizontal direction as we explained in (32)-(36). The RF spectrum analyzer (RSA) shows the power spectrum of the output. It will fold the "negative" frequency to the "positive" frequency, so in the case where we modulate at 2 GHz, the RSA shows the −1st order tone at −1.8 GHz to be folded at +1.8 GHz while it shows the +1st order tone at 2.2 GHz. Fig. 5(b) shows the integrated LiNbO 3 device wire-bonded with a printed circuit board (PCB) and interfaced with a pair of polarization maintaining (PM) fibers. Fig. 5(c) and (d) show frequency down/up conversion at 100 MHz. The DC tone for the down conversion is suppressed at 23 dB below the major −1st order tone for the down conversion and the −1st tone and DC tone are suppressed by more than 15 dB below the primary +1st order frequency tone for the up-conversion. Fig. 5 (e) and (f) show frequency up and down-conversion at 2 GHz. In both up/down conversion, we achieve extinction ratios greater than 20 dB. Fig. 6 explains the evolution of the polarization in the optical isolator system. The incident light is 45
Optical Isolation
• linearly polarized from both x-and y-axes (LP1) and is aligned to the input polarizer. The following quarter wave plate (QWP1) converts to the RCP light. The optical light co-propagates with the electrical waves inside the LiNbO 3 waveguide and the output polarization state is LCP. The QWP2 at the output of the device converts it to LP1 again. The reflected light from the mirror does not change the polarization, and the QWP2 converts it to LCP. When it goes back to the device, the modulation will not impact the polarization by much because the optical and electrical waves propagate in the opposite directions. As a comparison, simulations have shown that with the 3-cm long electrode and co-propagating waves, the velocity matching bandwidths are 3.32 GHz and 3.14 GHz for common and differential waves, respectively. With counterpropagating waves, the velocity matching bandwidths are 0.83 GHz and 0.82 GHz for common and differential waves, respectively. The 2 GHz operating frequency is well below 3.14 GHz and above 0.83 GHz. A better matching condition results in a higher bandwidth for co-propagating waves and a lower bandwidth for counter-propagating waves. Therefore, the polarization is still LCP when it leaves the device. QWP1 will convert it to linearly polarized light orthogonal to the incident polarization LP1. As a result, the reflected light would be blocked at the incident polarizer. Fig. 7 shows the diagram for optical isolation characterization. The laser is split onto reference arm and signal arm by a 50/50 splitter. The AOM shifts the light on the reference arm by 200 MHz. Then the light on the reference beats with different output signal (S(1), S(2) and S(3)) on the signal arm to verify their frequency components. The light on the signal arm first go through a 50/50 splitter used as an optical circulator. Then it passes through a polarization beam splitter (PBS) to make sure only the TE polarization light goes through. The PC3 and the PM fiber at the input imitates a QWP and converts the input light to a circularly polarized light. The 2 GHz electrical sinusoidal in-phase and quadrature phase signals drive and co-propagate with the lightwave to yield frequency shift and polarization conversion at the output of the chip. The PM fiber, the 50/50 splitter, and the PC4 at the output of the device imitates a QWP to convert the circularly polarized output light to a linearly polarized light. The PC3 and PC1 are optimized such that the light right after PC4 beats with the reference and generates the single tone frequency shift. Then we adjust PC4 to align the output to the linear polarizer. Fig. 8 shows the single frequency tone conversion and the forward transmission. Fig. 8(a) shows the up converted signal right after the chip at 2.2 GHz with −66 dBm power, and Fig. 8(b) shows the up converted signal after the polarizer and a lens at S(3) at 2.2 GHz with −72 dBm power.
In Fig. 9 , we generate an equivalent light of frequency shifter output and send light backward while we are modulating the chip in the forward configuration. The light after backward transmission has two parts: polarization converted part (f 1 , f 2 ) and unconverted polarization part (f 0 ). However, the unconverted part f0 will be blocked by the polarizer, f 1 and f 2 will go through a polarizer, and we can determine the isolation suppression by measuring the polarization converted light and original reflected light by adjusting PC on the reference arm (PC1).
The f 0 is the unconverted frequency component while we transmit light backward. Because the RF modulation signal no longer co-propagated with the optical lightwave, the modulation would not be applied to the optical waves. Fig. 10(a) shows that the unconverted part f 0 is −40 dBm and remains the same frequency and polarization as the output. The unconverted component will be isolated by the polarizer on the input side. In Fig. 10(b) , the converted power at f 1 and f 2 is −60 dBm and −64 dBm for the −1st and +1st order frequency tone. The isolation is 18.5 dB in reference to the unconverted tone f 0 and converted f 1 and f 2 . 
Conclusions and Future Work
By utilizing the electro-optic effect in the LiNbO 3 crystal with an isotropic orientation, we implement the frequency shift with side-band suppression larger than 20 dB at a frequency shift at 2 GHz. We also demonstrate optical isolation with 18.5 dB extinction ratio with the same device.
We notice that the power needed to drive the device to have a good extinction ratio is 30 dBm, equivalent to 20 V p−p . The required large power to achieve a half wave plate is due to the small electro-optic effect from r 22 coefficient. Future work includes reducing the RF driving power and working towards larger frequency shift. We consider designing an X-cut, Y-propagate LiNbO 3 waveguide and utilize the much larger r 33 and r 42 coefficients to reduce the RF power. Better electrical performance on the chip needs to be realized to increase the modulation speed while maintaining the similar RF power level.
